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Fig. 10. Mean density N (top left) and electric potential φ (top right). Density fluctuations (bottom left) and standard deviation normalized by the mean 
density (bottom right) in the poloidal plane showing interchange turbulence in a diverted plasma.
δt = 1. Present computations have been run on the Aix-Marseille University computing centre using 12 MPI processes and 
12 threads per process. Statistical convergence has been achieved after 105 iterations, requiring about 120 h CPU.
The mean density and electric potential fields together with density fluctuations are shown in Fig. 10. Far from the 
X-point, the present results show similar flow characteristics with respect to former simulations in limiter geometry [38]. 
The flow exhibits large poloidal asymmetries as shown on the density fluctuations that correspond to a ballooned turbulence 
around the Low Field Side mid-plane. This clearly appears on the plot of the standard deviation of the density normalized 
by the mean density, Fig. 10. This is also supported by the time evolution of the density recorded at seven poloidal locations 
(Fig. 11). However, X-point simulations depart from limited ones through the strong impact of the X-point that leads to a 
steep topological discontinuity. Specific physics are obviously at play around the X-point and in the divertor region (below 
the X-point). This part of the plasma is characterized by the existence of large poloidal gradients which lead to the existence 
of a complex E × B velocity and parallel flow pattern in its vicinity.
One can also notice the extremely high fluctuation level in the private-flux region (under the X-point) which is likely to 
be of interest for several key tokamak physics issues and that could hint at recent evidence for the existence of filamen-
tary structures within the private flux region (PFR) of MAST [39]. Deeper analysis is currently being carried out on these 
simulations but is out of the scope of this paper centred on numerics. The results will be published in a dedicated paper.
7. Summary
The TOKAM3X development is part of a long-term effort made on plasma edge turbulence modelling in tokamaks. It is 
a significant upgrade of our former code TOKAM3D [18]. Developed from scratch, TOKAM3X has new capabilities: a geo-
metrical flexibility (arbitrary axisymmetric magnetic equilibrium with respect to circular concentric equilibrium), a hybrid 
parallelisation (OpenMP/MPI with respect to MPI only) and the implementation of a shock capturing scheme for the advec-
tion terms (WENO). In the present stage, the code allows the simulation of electrostatic plasma turbulence within a region 
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Figure 5 | Edge-region plasma simulation. Shown is a snapshot of
plasma-pressure fluctuations from a fluid simulation of the outermost
region of a tokamak plasma, where di￿erent shades of red indicate the
amplitude of the perturbations, and the magnetic-field lines intersect the
toroidal limiter (blue) inside the vessel. The turbulent structures, which are
elongated in the direction of the magnetic field, lead to transport of density
and heat from the core region towards the periphery of the device, while
plasma is lost on the toroidal rail by flowing along the magnetic-field lines91.
turbulent eddies, with practical implications on the self-regulation
of turbulence and on the stabilizing e ect of the conducting walls
surrounding fusion plasmas. This spontaneous rotation is now
attributed to turbulence, but the exact underlying mechanisms are
still unclear, and predictions for ITER are still far from reliable.
As gyrokinetic codes become more and more realistic, their
validation67–69 can be addressed with an increasing level of detail70,71.
Results obtained within the local flux-tube approximation already
give good results when applied to large tokamaks72, although
limitations of the local approach are evident when applied to
smaller devices73.
Edge transport and plasma–wall interactions
Some of the greatest uncertainties in ITER and future fusion reactors
are related to the plasma dynamics in the SOL, the plasma-edge
region74–76, where the plasma is colder, containsmultiple species and
impurities (that is, ions other than deuterium or tritium ions), and
is subject to interactions with the vessel-wall materials, and where
the hydrogenic fuel and light impurities are incompletely ionized.
The edge region plays a crucial role in the functioning of a fusion
reactor; it influences the performance of the entire device, because
it, for example, regulates the core-impurity level and has an impact
on core turbulence and transport, particularly in small tokamaks.
Through local and non-local turbulence e ects, plasma
behaviour in this region governs key aspects of the overall
confinement properties of the device. SOL phenomena regulate
the impurity dynamics and the concentration of the ↵-particles
resulting from fusion reactions. Both can dilute the fusion fuel and
stop the reactions. Moreover, SOL dynamics determines the heat
load to the walls, a potential showstopper for fusion if material
limits (⇠10MWm 2) are exceeded77,78.
Simulating SOL plasma dynamics is particularly challenging79.
First, transport in the SOL is highly intermittent and, unlike
in the tokamak core, is dominated by large fluctuations, the
amplitudes of which are comparable to the equilibrium quantities.
This does not allow a separation of scales between transport events
and equilibrium profiles. Second, typical coordinate systems used
for core-plasma simulations are singular in the SOL owing to
the presence of the X-point, where the poloidal component of
the magnetic field vanishes. Third, the plasma properties change
significantly across the SOL (for example, the temperature in the
SOL at JET varies from ⇠1 to ⇠100 eV (ref. 80)), which makes it
challenging to employ only one model for the description of the
plasma—simultaneously taking into account very di erent collision
frequencies is particularly di cult. Fourth, in contrast to the
situation in the core region, strong gradients might develop also in
the direction parallel to the magnetic field. Finally, the dynamics
of neutral atoms and impurities as well as atomic and chemical
processes play a key role75.
So far, wall components for future devices are designed largely
on the basis of empirical extrapolations of plasma heat loads in
present devices, supported by basic theoretical considerations74.
In their simplest form, the codes solve a reduced set of fluid
equations for the plasma density, electron and ion temperatures,
and ion velocity in the direction parallel to the magnetic-field line.
Transport perpendicular to themagnetic field is described by ad hoc
di usion–advection models and in the parallel direction by using
collisional heat conductivity with corrections that mimic kinetic
e ects. The plasma description is coupled to Monte Carlo models
for neutral particles to take into account vacuum pumping, fuelling
and plasma–material interactions. The di usion and convection
coe cients are adjusted to fit the experimental data. These fits are
then used to evaluate the SOL parameters, such as local density,
temperature and di usion coe cients, when the codes are run in
predictive mode to study the dependence of the SOL profiles on
the power entering the SOL from the core plasma, the pressure of
the fusion fuel, the concentration of helium, the ratio between gas
pu ng and core fuelling, the pumping speed, and the magnetic
geometry74. As an example, the semi-empirical code81,82 used for
the ITER divertor design83 is the result of an investment of over
100 professional years and consists of about 200,000 lines of
source code84.
To predict the SOL properties in conditions very di erent
from those in present devices, first-principles simulation codes
are needed. Fully kinetic models are used to study SOL physics,
as they allow a self-consistent description of the plasma, neutral
atoms, and plasma–wall interfaces. These simulations have to bridge
the spatial and temporal scales of electrostatic perturbations in
plasmas, the Debye length and the plasma frequency (⇠10 5 m and
1011 s 1, respectively), to themachine size and the typical turbulence
frequencies (⇠1m and 106 s 1, respectively). Therefore, they have
an extremely high numerical cost and could so far be applied only
to one-dimensional geometries85. Recently, the 3D simulation of
SOL dynamics has been approached by extending global gyrokinetic
models to cover the SOL domain86,87 and by also taking into account
the e ect of neutral particles using fluid codes. Starting from a set
of fluid equations for collisional plasmas developed by Braginskii in
196588, or by integrating the gyrokinetic equations in velocity space,
a number of models more suited for computational treatment were
deduced89,90 and are now implemented in a number of codes91–93.
Thanks to these simulations and to the relevant comparisons
with increasingly accurate experimental information, significant
progress has been made in our understanding of the physics
underlying SOL turbulence. An example of a fluid simulation of the
outermost plasma region of a tokamak device is shown in Fig. 5.
For scenarios with the simplest magnetic geometries, di erent
turbulent regimes were identified94 together with the mechanisms
that regulate the saturated levels of turbulence and transport95.
These models can also provide an estimate of the SOL width,
a key quantity determining the heat load on the plasma-facing
components, and of its scaling with parameters such as density,
temperature, magnetic field and major radius96. They also provide
some insights into the origin of the spontaneous toroidal plasma
rotation97, the value of the electrostatic potential in the SOL98,99, and
the dynamics of intermittent transport events100,101.
As turbulence in the SOL is dominated bymodes that are strongly
elongated in the direction parallel to the magnetic field, one can
simplify the 3D equations and construct a 2D model that evolves
the plasma dynamics in a plane perpendicular to the magnetic field,
418
© 2016 Macmillan Publishers Limited. All rights reserved
NATURE PHYSICS | VOL 12 | MAY 2016 | www.nature.com/naturephysics
A collective theoretical effort...
TOKAM3X	
BOUT++	
HESEL	
GBS	
P. Tamain et al. / Journal of Computational Physics 321 (2016) 606–623 619
Fig. 10. Mean density N (top left) and electric potential φ (top right). Density fluctuations (bottom left) and standard deviation normalized by the mean 
density (bottom right) in the poloidal plane showing interchange turbulence in a diverted plasma.
δt = 1. Present computations have been run on the Aix-Marseille University computing centre using 12 MPI processes and 
12 threads per process. Statistical convergence has been achieved after 105 iterations, requiring about 120 h CPU.
The mean density and electric potential fields together with density fluctuations are shown in Fig. 10. Far from the 
X-point, the present results show similar flow characteristics with respect to former simulations in limiter geometry [38]. 
The flow exhibits large poloidal asymmetries as shown on the density fluctuations that correspond to a ballooned turbulence 
around the Low Field Side mid-plane. This clearly appears on the plot of the standard deviation of the density normalized 
by the mean density, Fig. 10. This is also supported by the time evolution of the density recorded at seven poloidal locations 
(Fig. 11). However, X-point simulations depart from limited ones through the strong impact of the X-point that leads to a 
steep topological discontinuity. Specific physics are obviously at play around the X-point and in the divertor region (below 
the X-point). This part of the plasma is characterized by the existence of large poloidal gradients which lead to the existence 
of a complex E × B velocity and parallel flow pattern in its vicinity.
One can also notice the extremely high fluctuation level in the private-flux region (under the X-point) which is likely to 
be of interest for several key tokamak physics issues and that could hint at recent evidence for the existence of filamen-
tary structures within the private flux region (PFR) of MAST [39]. Deeper analysis is currently being carried out on these 
simulations but is out of the scope of this paper centred on numerics. The results will be published in a dedicated paper.
7. Summary
The TOKAM3X development is part of a long-term effort made on plasma edge turbulence modelling in tokamaks. It is 
a significant upgrade of our former code TOKAM3D [18]. Developed from scratch, TOKAM3X has new capabilities: a geo-
metrical flexibility (arbitrary axisymmetric magnetic equilibrium with respect to circular concentric equilibrium), a hybrid 
parallelisation (OpenMP/MPI with respect to MPI only) and the implementation of a shock capturing scheme for the advec-
tion terms (WENO). In the present stage, the code allows the simulation of electrostatic plasma turbulence within a region 
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Figure 5 | Edge-region plasma simulation. Shown is a snapshot of
plasma-pressure fluctuations from a fluid simulation of the outermost
region of a tokamak plasma, where di￿erent shades of red indicate the
amplitude of the perturbations, and the magnetic-field lines intersect the
toroidal limiter (blue) inside the vessel. The turbulent structures, which are
elongated in the direction of the magnetic field, lead to transport of density
and heat from the core region towards the periphery of the device, while
plasma is lost on the toroidal rail by flowing along the magnetic-field lines91.
turbulent eddies, with practical implications on the self-regulation
of turbulence and on the stabilizing e ect of the conducting walls
surrounding fusion plasmas. This spontaneous rotation is now
attributed to turbulence, but the exact underlying mechanisms are
still unclear, and predictions for ITER are still far from reliable.
As gyrokinetic codes become more and more realistic, their
validation67–69 can be addressed with an increasing level of detail70,71.
Results obtained within the local flux-tube approximation already
give good results when applied to large tokamaks72, although
limitations of the local approach are evident when applied to
smaller devices73.
Edge transport and plasma–wall interactions
Some of the greatest uncertainties in ITER and future fusion reactors
are related to the plasma dynamics in the SOL, the plasma-edge
region74–76, where the plasma is colder, containsmultiple species and
impurities (that is, ions other than deuterium or tritium ions), and
is subject to interactions with the vessel-wall materials, and where
the hydrogenic fuel and light impurities are incompletely ionized.
The edge region plays a crucial role in the functioning of a fusion
reactor; it influences the performance of the entire device, because
it, for example, regulates the core-impurity level and has an impact
on core turbulence and transport, particularly in small tokamaks.
Through local and non-local turbulence e ects, plasma
behaviour in this region governs key aspects of the overall
confinement properties of the device. SOL phenomena regulate
the impurity dynamics and the concentration of the ↵-particles
resulting from fusion reactions. Both can dilute the fusion fuel and
stop the reactions. Moreover, SOL dynamics determines the heat
load to the walls, a potential showstopper for fusion if material
limits (⇠10MWm 2) are exceeded77,78.
Simulating SOL plasma dynamics is particularly challenging79.
First, transport in the SOL is highly intermittent and, unlike
in the tokamak core, is dominated by large fluctuations, the
amplitudes of which are comparable to the equilibrium quantities.
This does not allow a separation of scales between transport events
and equilibrium profiles. Second, typical coordinate systems used
for core-plasma simulations are singular in the SOL owing to
the presence of the X-point, where the poloidal component of
the magnetic field vanishes. Third, the plasma properties change
significantly across the SOL (for example, the temperature in the
SOL at JET varies from ⇠1 to ⇠100 eV (ref. 80)), which makes it
challenging to employ only one model for the description of the
plasma—simultaneously taking into account very di erent collision
frequencies is particularly di cult. Fourth, in contrast to the
situation in the core region, strong gradients might develop also in
the direction parallel to the magnetic field. Finally, the dynamics
of neutral atoms and impurities as well as atomic and chemical
processes play a key role75.
So far, wall components for future devices are designed largely
on the basis of empirical extrapolations of plasma heat loads in
present devices, supported by basic theoretical considerations74.
In their simplest form, the codes solve a reduced set of fluid
equations for the plasma density, electron and ion temperatures,
and ion velocity in the direction parallel to the magnetic-field line.
Transport perpendicular to themagnetic field is described by ad hoc
di usion–advection models and in the parallel direction by using
collisional heat conductivity with corrections that mimic kinetic
e ects. The plasma description is coupled to Monte Carlo models
for neutral particles to take into account vacuum pumping, fuelling
and plasma–material interactions. The di usion and convection
coe cients are adjusted to fit the experimental data. These fits are
then used to evaluate the SOL parameters, such as local density,
temperature and di usion coe cients, when the codes are run in
predictive mode to study the dependence of the SOL profiles on
the power entering the SOL from the core plasma, the pressure of
the fusion fuel, the concentration of helium, the ratio between gas
pu ng and core fuelling, the pumping speed, and the magnetic
geometry74. As an example, the semi-empirical code81,82 used for
the ITER divertor design83 is the result of an investment of over
100 professional years and consists of about 200,000 lines of
source code84.
To predict the SOL properties in conditions very di erent
from those in present devices, first-principles simulation codes
are needed. Fully kinetic models are used to study SOL physics,
as they allow a self-consistent description of the plasma, neutral
atoms, and plasma–wall interfaces. These simulations have to bridge
the spatial and temporal scales of electrostatic perturbations in
plasmas, the Debye length and the plasma frequency (⇠10 5 m and
1011 s 1, respectively), to themachine size and the typical turbulence
frequencies (⇠1m and 106 s 1, respectively). Therefore, they have
an extremely high numerical cost and could so far be applied only
to one-dimensional geometries85. Recently, the 3D simulation of
SOL dynamics has been approached by extending global gyrokinetic
models to cover the SOL domain86,87 and by also taking into account
the e ect of neutral particles using fluid codes. Starting from a set
of fluid equations for collisional plasmas developed by Braginskii in
196588, or by integrating the gyrokinetic equations in velocity space,
a number of models more suited for computational treatment were
deduced89,90 and are now implemented in a number of codes91–93.
Thanks to these simulations and to the relevant comparisons
with increasingly accurate experimental information, significant
progress has been made in our understanding of the physics
underlying SOL turbulence. An example of a fluid simulation of the
outermost plasma region of a tokamak device is shown in Fig. 5.
For scenarios with the simplest magnetic geometries, di erent
turbulent regimes were identified94 together with the mechanisms
that regulate the saturated levels of turbulence and transport95.
These models can also provide an estimate of the SOL width,
a key quantity determining the heat load on the plasma-facing
components, and of its scaling with parameters such as density,
temperature, magnetic field and major radius96. They also provide
some insights into the origin of the spontaneous toroidal plasma
rotation97, the value of the electrostatic potential in the SOL98,99, and
the dynamics of intermittent transport events100,101.
As turbulence in the SOL is dominated bymodes that are strongly
elongated in the direction parallel to the magnetic field, one can
simplify the 3D equations and construct a 2D model that evolves
the plasma dynamics in a plane perpendicular to the magnetic field,
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What is the heat flux to the wall?
 i.e., the SOL width and temperature drop?
Simulations 
carried out 
with 4 codes
[Jorge, PoP 2016] 
Recent measurements: 2 scale lengths
[Nespoli	et	al.,	JNM	2015	
Nespoli	et	al.,	NME	(in	press)]	
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Shear flow sets physics at the near SOL
n/n0  /(⇤Te0)
Halpern, NF 2016
The role for the shear flow was also pointed out for the 
formation of an H-mode like transport barrier 
[Madsen PPCF 2015; Nielsen PLA 2015; Rasmussen PPCF 2016]
Far SOL transport dominated by blobs
Identified 
effective 
collisionality 
setting attached 
and detached 
conditions  
A shoulder forms with increasing collisionality and 
connection length [Nielsen PPCF 2017]
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A theoretical interpretation of the main SOL heat flux width scaling
for inner wall limited tokamak plasmas
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Introduction
I The ramp-up phase of ITER plasmas are expected
to be mostly inner-wall limited (IWL)
I Can we predict the main scrape-off layer (SOL) heat
flux width  q =  qk/rqk (qk ⇠ ncsT ) in IWL
plasmas?
IModel the variation of  q with respect to the local
SOL dimensionless parameters using turbulent
transport theory
I Base the analysis on extensive ITPA SOL/divertor
physics SOL width database [Horacek et al. PPCF
(2015)], containing ⇠ 500  q measurements from
many machines
IOur aim is two-fold: (1) predict the IWL main SOL
width (2) seek physics based understanding
Model and dimensionless parameters
I Drift-reduced Braginskii eqns with orderings k?   kk, d/dt ⌧ !ci [Zeiler et al., PoP 1997]:
I Low-frequency, collisional, electrostatic turbulence driven by plasma gradients
I Cold ion model! due to overall weak Ti effects, lack of Ti data in database
System contains inertial/resistive drift waves/ballooning modes
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I Normalized units used throughout: B ⇠ B , Lk ⇠ R (defined at magnetic axis), T ⇠ Te0, n ⇠ n0,
L? ⇠ ⇢s (defined at LCFS), t ⇠ R/cs
Three dimensionless parameters emerge naturally from normalization and linearization:
I ⇢? =
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from the E⇥ B advection terms ( lin)
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, Spitzer resistivity affects linear stability
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Simple SOL width model including turbulence
I Extensive SOL NL simulation campaign scan revealed turbulent saturation mechanism, non-linear
instability regimes, effects of parallel dynamics... [NF/PoP/PPCF (2012-15)]
I Consider simplest possible transport equation r? ·
 
pvE⇥B
  ⇠ rk · (pcs)
I SOL width arises from balance between turbulent (mesoscale kr ⇠
p
k✓/Lp) flux, ⇠  p/(k✓Lp)
and sheath losses ⇠ pcs/q95
I Power balance yields "simple SOL" width valid for small rkT
Lq,gr / Lp,gr = q95cs
✓
 
k✓
◆
max
Details, caveats, simplifications
IMain SOL  q from single exponential fit! ignore narrow feature [Kocan et al., NF (2015)]
I Parameters ⇢?, ⌫, q95 available in 317 database entries, dominated by TS data
I Neutrals not taken into account, but  MFP,n/ q   1! ionization takes place in confined region
I Impurities can drive poloidal gradients esp. in machines with C walls
I However  q poloidally uniform in C-Mod (but high-Z wall) [LaBombard, private comm.]
I Poloidal angle of measurement not important factor in [Horacek et al., PPCF (2015)]
I Theory predicts Lp instead of  q ! however, Lp is a good proxy for  q in COMPASS
I Introduce Lq =  q/⇢s / Lp, O(1) constant found from fit
I Shaping effects not included! indirectly evaluate importance of 
Database modeling results
1) NL saturated resistive ballooning mode (RBM) turbulence
I RBMs suggested by NL/QL simulations [Mosetto, PoP (2013)]
I Verified with NL GBS simulations [Halpern, NF (2014)]
I Find analytical estimate for   and k✓ [Halpern, NF (2013)]
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R2=0.14
R2(κ<1.2)=0.24
RBM hypothesis probably too restrictive because ⌫ lower than
expected in ITPA database
2) Include other possible modes (RB/DW resistive/ballooning),
still assuming same saturation mechanism
IWrite Newton search code to solve transport equation
Ln+1p,QL =
q95
cs
 
 (Lnp,QL, ⇢?, ⌫, q95)
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!
max
I Code reproduces Lp in non-linear GBS simulations very well,
R2 = 0.95 [Halpern, NF (2014)]
I Use DB entries as parameter space samples, fit! power law
I Shaped discharges not well described by model (no  effects)
Lq,QL = 0.22⌫0.06±0.01⇢ 0.62±0.03? q0.84±0.0395
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R2(κ<1.2)=0.60
Turn on/off different terms in linear model to identify dominant
instability! inertial/resistive DW/BM are all important!
3) Direct non-linear robust fitting of database data
IModel equation with ⇢?, ⌫, q95 as fitting parameters
Lq,fit = a⇥ ⇢b? ⇥ ⌫c ⇥ qd95
I "Robust" fitting algorithm down-weights outliers automatically,
yields "maximum likelihood solution", 95% confidence intervals
on model parameters
I Some physical parameters (local T , n) not taken into account in
[Horacek, PPCF (2015)] due to large uncertainty. However,
almost negligible effect in the end!
Lq,fit = 0.094⌫ 0.02±0.02⇢ 0.71±0.05? q0.76±0.0695
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R2=0.38
R2(κ<1.2)=0.63
Essentially same result as QL code. Direct non-linear fitting
cannot not improve upon theory model results!
Conclusions
IModel based on non-linearly saturated turbulence reproduces  q values in ITPA main-SOL  q
database with same accuracy as non-linear regression based on engineering parameters
I Agreement is good for circular discharges, poor for shaped discharges
IMain result are new scalings for  q based on QL calculations and non-linear regression, here
expressed in physical units [m 3, eV,m,T]:
 q,QL = 1.93⇥ 10 4n0.070 T0.06e0 R0.68q0.84B 0.38  [m]
 q,fit = 2.83⇥ 10 3n0.020 T0.10e0 R0.73q0.76B 0.29  [m]
Outlook
I Can we obtain further relation to engineering parameters?  q ⇠ B (Ip/a2) 0.75
I Evaluate effects of elongation, triangularity, starting from NL simulations
I Intricate combination of effects: linear/non-linear dynamics, field line length, flux surface area
I Understand SOL flux-driven turbulence in presence of X-point
I Continue validation efforts against C-Mod MLP / GPI
I Unravel near-SOL narrow heat flux feature:
flow/turbulence interaction in near SOL region (VI2.04, Thursday 4:30pm)
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The GBS code, a tool to simulate open field line turbulence
  Developed by steps of increasing complexity
  Drift-reduced Braginskii equations
  Global, 3D, Flux-driven, Full-n [Ricci et al PPCF 2012]
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Understanding of
-  Basic mechanisms at play
-  Fluctuation properties
-  SOL width
-  Plasma rotation and potential
Exp/sim discrepancy 
-  Narrow feature strength
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Large development of numerical algorithms
Non-orthogonal field aligned 
coordinate system to match arbitrary 
geometry [Leddy, CPC 2016]
	
	
Development of a non-field aligned 
coordinate system [Hill, CPC (in press)]
	
	
Extension to 3-D geometry
[Shanahan, JP-CS 2016]
	
	
Study of blob dynamics in X point configuration
Blob in X point TORPEX 
configuration
 [Avino, PRL 2016]
	
	
Simulations allowed 
understanding mechanisms 
determining blob velocity
[Shanahan,  PPCF 2016]
Moving background 
Vertical moving background 
Stationary background
Analytical
Blobs in MAST double-null configuration
Walkden, NME (submitted)
Visible light emission Single blob identification 
Initial conditions 
for simulations
Blobs in MAST double-null configuration
Simulations carried out with 4 codes 
fr	
BOUT++
GBS
TOKAM3X
HESEL
Blobs in MAST double-null configuration
SimulaOons	carried	out	with	4	codes		
fr	
BOUT++	
GBS	
TOKAM3X	
HESEL	
Full-turbulence simulations in diverted geometry
Turbulence similar 
to limited case, 
except at X point; 
good agreement for 
parallel velocity
[D. Galassi, NF (in press)]
	 
What’s next? 
-  Detailed analysis of diverted and advanced 
exhaust configurations
-  Approach H-mode scenarios
High order simulations of Braginskii model
Density
Current
I Simulations using Braginskii model under electrostatic
assumption (without drift reduction).
I High order numerical methods on unstructured meshes
(Fourier-Spectral element method).
I 3D parallel computational code.
Vertical momentum for Euler and Braginskii comput.
at a given point
Dominant dimensionless frequencies:
40 and 3000 ⇡ Be
2⇡
p
mime
t⇤ with t⇤ = 2⇥ 10 5s.
Minjeaud, Pasquetti, JCP, 2016
•  Going beyond the drift 
approximation, using high order 
methods on unstructured meshes
 [Minjaud, JCP 2016]
•  Going beyond the Braginskii model, 
including kinetic effects	
	
Concluding remarks
•  Significant advances in physics models and simulation 
capabilities, rigorously verified
•  By using a stepladder approach, progress in physics 
understanding, starting from relatively simple configurations
•  Leveraging this expertise, we are increasing the complexity of 
simulations, continually approaching target reactor conditions
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Figure 5 | Edge-region plasma simulation. Shown is a snapshot of
plasma-pressure fluctuations from a fluid simulation of the outermost
region of a tokamak plasma, where di￿erent shades of red indicate the
amplitude of the perturbations, and the magnetic-field lines intersect the
toroidal limiter (blue) inside the vessel. The turbulent structures, which are
elongated in the direction of the magnetic field, lead to transport of density
and heat from the core region towards the periphery of the device, while
plasma is lost on the toroidal rail by flowing along the magnetic-field lines91.
turbulent eddies, with practical implications on the self-regulation
of turbulence and on the stabilizing e ect of the conducting walls
surrounding fusion plasmas. This spontaneous rotation is now
attributed to turbulence, but the exact underlying mechanisms are
still unclear, and predictions for ITER are still far from reliable.
As gyrokinetic codes become more and more realistic, their
validation67–69 can be addressed with an increasing level of detail70,71.
Results obtained within the local flux-tube approximation already
give good results when applied to large tokamaks72, although
limitations of the local approach are evident when applied to
smaller devices73.
Edge transport and plasma–wall interactions
Some of the greatest uncertainties in ITER and future fusion reactors
are related to the plasma dynamics in the SOL, the plasma-edge
region74–76, where the plasma is colder, containsmultiple species and
impurities (that is, ions other than deuterium or tritium ions), and
is subject to interactions with the vessel-wall materials, and where
the hydrogenic fuel and light impurities are incompletely ionized.
The edge region plays a crucial role in the functioning of a fusion
reactor; it influences the performance of the entire device, because
it, for example, regulates the core-impurity level and has an impact
on core turbulence and transport, particularly in small tokamaks.
Through local and non-local turbulence e ects, plasma
behaviour in this region governs key aspects of the overall
confinement properties of the device. SOL phenomena regulate
the impurity dynamics and the concentration of the ↵-particles
resulting from fusion reactions. Both can dilute the fusion fuel and
stop the reactions. Moreover, SOL dynamics determines the heat
load to the walls, a potential showstopper for fusion if material
limits (⇠10MWm 2) are exceeded77,78.
Simulating SOL plasma dynamics is particularly challenging79.
First, transport in the SOL is highly intermittent and, unlike
in the tokamak core, is dominated by large fluctuations, the
amplitudes of which are comparable to the equilibrium quantities.
This does not allow a separation of scales between transport events
and equilibrium profiles. Second, typical coordinate systems used
for core-plasma simulations are singular in the SOL owing to
the presence of the X-point, where the poloidal component of
the magnetic field vanishes. Third, the plasma properties change
significantly across the SOL (for example, the temperature in the
SOL at JET varies from ⇠1 to ⇠100 eV (ref. 80)), which makes it
challenging to employ only one model for the description of the
plasma—simultaneously taking into account very di erent collision
frequencies is particularly di cult. Fourth, in contrast to the
situation in the core region, strong gradients might develop also in
the direction parallel to the magnetic field. Finally, the dynamics
of neutral atoms and impurities as well as atomic and chemical
processes play a key role75.
So far, wall components for future devices are designed largely
on the basis of empirical extrapolations of plasma heat loads in
present devices, supported by basic theoretical considerations74.
In their simplest form, the codes solve a reduced set of fluid
equations for the plasma density, electron and ion temperatures,
and ion velocity in the direction parallel to the magnetic-field line.
Transport perpendicular to themagnetic field is described by ad hoc
di usion–advection models and in the parallel direction by using
collisional heat conductivity with corrections that mimic kinetic
e ects. The plasma description is coupled to Monte Carlo models
for neutral particles to take into account vacuum pumping, fuelling
and plasma–material interactions. The di usion and convection
coe cients are adjusted to fit the experimental data. These fits are
then used to evaluate the SOL parameters, such as local density,
temperature and di usion coe cients, when the codes are run in
predictive mode to study the dependence of the SOL profiles on
the power entering the SOL from the core plasma, the pressure of
the fusion fuel, the concentration of helium, the ratio between gas
pu ng and core fuelling, the pumping speed, and the magnetic
geometry74. As an example, the semi-empirical code81,82 used for
the ITER divertor design83 is the result of an investment of over
100 professional years and consists of about 200,000 lines of
source code84.
To predict the SOL properties in conditions very di erent
from those in present devices, first-principles simulation codes
are needed. Fully kinetic models are used to study SOL physics,
as they allow a self-consistent description of the plasma, neutral
atoms, and plasma–wall interfaces. These simulations have to bridge
the spatial and temporal scales of electrostatic perturbations in
plasmas, the Debye length and the plasma frequency (⇠10 5 m and
1011 s 1, respectively), to themachine size and the typical turbulence
frequencies (⇠1m and 106 s 1, respectively). Therefore, they have
an extremely high numerical cost and could so far be applied only
to one-dimensional geometries85. Recently, the 3D simulation of
SOL dynamics has been approached by extending global gyrokinetic
models to cover the SOL domain86,87 and by also taking into account
the e ect of neutral particles using fluid codes. Starting from a set
of fluid equations for collisional plasmas developed by Braginskii in
196588, or by integrating the gyrokinetic equations in velocity space,
a number of models more suited for computational treatment were
deduced89,90 and are now implemented in a number of codes91–93.
Thanks to these simulations and to the relevant comparisons
with increasingly accurate experimental information, significant
progress has been made in our understanding of the physics
underlying SOL turbulence. An example of a fluid simulation of the
outermost plasma region of a tokamak device is shown in Fig. 5.
For scenarios with the simplest magnetic geometries, di erent
turbulent regimes were identified94 together with the mechanisms
that regulate the saturated levels of turbulence and transport95.
These models can also provide an estimate of the SOL width,
a key quantity determining the heat load on the plasma-facing
components, and of its scaling with parameters such as density,
temperature, magnetic field and major radius96. They also provide
some insights into the origin of the spontaneous toroidal plasma
rotation97, the value of the electrostatic potential in the SOL98,99, and
the dynamics of intermittent transport events100,101.
As turbulence in the SOL is dominated bymodes that are strongly
elongated in the direction parallel to the magnetic field, one can
simplify the 3D equations and construct a 2D model that evolves
the plasma dynamics in a plane perpendicular to the magnetic field,
418
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•  By using first-principles approach, we 
can n w dis ntangle the complex 
dynamics at the tokamak edge
